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Introduction 
Climate signals exhibit periodicity over a range of frequencies (e.g. diurnal, seasonal, annual 
and longer term climate phenomena) that are modified as they propagate through the 
terrestrial water cycle. Much of both our present understanding and modelling of temperate 
hydrological and hydrogeological systems relies on the preservation of high-frequency 
signals (e.g. diurnal and seasonal cycles: Holman et al., 2009; Alley et al., 2002). However, 
there is evidence to suggest that low-frequency oscillations in rainfall, temperature and 
evapotranspiration are linked to the El Ni ˜no Southern Oscillation (Jones and Banner, 2003), 
Pacific Decadal Oscillation (Gurdak et al., 2007), North Atlantic Oscillation (NAO) 
(Schroder and Rosbjerg, 2004; Qian and Saunders, 2003) and other ocean–climate cycles. 
 
Coupling between global climate oscillations and hydrogeological systems of the planet is 
poorly understood (Milly et al., 2008; Green et al., 2007), but if groundwater level dynamics 
are synchronized by large scale climate, then separate aquifer systems might respond 
similarly to climatic trends where their dynamics are entrained by environmental correlation. 
This would be of great societal importance in the context of climate change (Post and 
Forchhammer, 2002). Identifying and quantifying such couplings is a key challenge for 
improving understanding of long-term components of the hydrological cycle, especially 
given the context of a changing climate. In particular, identifying and quantifying the way in 
which individual climate oscillations of different periods combine to form constructive and 
destructive interference patterns will be crucial in improving our understanding of long-term 
controls on aquifer system function. 
 
The relationship between low-frequency climatic signals and groundwater levels is complex 
(Figure 1). Climatic signals are filtered and lagged by the soil, unsaturated and saturated 
zones of aquifers, the filtering removing many high-frequency (i.e. less than 1 month) signals 
(Dickinson et al., 2004). The extent to which climate signals are filtered and lagged will be a 
function of the hydrogeological system, largely determined by travel times (i.e. a product of 
flow path lengths and aquifer effective conductivities), while the manner in which system is 
sampled (e.g. borehole location: Luque-Espinar et al., 2008) will also influence the 
observations. 
 
The high-frequency filtering of climate signals provides resilience to groundwater resources 
and associated groundwater-dependent ecosystems under short-term climate extremes but 
may cause groundwater levels to exhibit a more marked response to lower frequency, large 
scale climate oscillations and climate change relative to, for example, variations due to 
isolated droughts (Dettinger and Earman, 2007). In a semi-arid context, inter-decadal and 
multi-decadal cycles were found in groundwater fluctuations in the High Plains Aquifer, 
USA (Gurdak et al., 2007) using singular spectral analysis, related to climate cycles by lag 
correlation. Luque-Espinar et al. (2008) identified four different cycles in groundwater levels 
in a Spanish aquifer using spectral analysis but found that piezometers showing the longer 
decadal cycles were affected by leakage from a river. Previous studies have considered 
unconsolidated or poorly consolidated granular aquifers in arid and semi-arid areas, and none 
have been undertaken in northern Europe, or the UK, where consolidated aquifers 
predominate. We describe here preliminary results for a UK chalk borehole. 
 
Study Site 
The Dalton Holme borehole [NGR SE 9651 4530] (Figure 2) in Yorkshire (northeast 
England) was constructed in 1895/1896 to a depth of 28·5 m below ground level (datum 34·5 
mOD). This is a designated ‘Index Borehole’ and part of the UK national borehole 
observation network (Marsh and Hannaford, 2008), as recorded water levels are largely 
unaffected by abstraction. The geology of the surrounding area is predominantly glacial till 
deposits of Devensian age overlaying the Cretaceous Chalk, a fractured limestone aquifer. 
The borehole is located on the Chalk just at the feather edge of the till. In Yorkshire, the 
Chalk aquifer has a matrix porosity of 20–35% (Bloomfield et al., 1995) and a mean storage 
coefficient of about 7 × 10−3 (Allen et al., 1997). Due to enhanced fracture porosity, 
transmissivity is typically in the range from 500 to 6000 m2d−1 (interquartile range from 
Allen et al. 1997). Annual rainfall in the area is about 750 mm with an estimated annual 
recharge between 200 and 300 mm (Gale and Rutter,2006). 
 
Climate Index Data 
Data for two large North Atlantic teleconnection patterns are available from 1950 from the 
National Oceanic and Atmospheric Administration’s Climate Prediction Centre (CPC) (CPC, 
2009): 
 
• NAO—the leading mode of atmospheric variability in the North Atlantic region, 
influencing the intensity and location of the North Atlantic jet stream and storm tracks. 
Strong positive phases tend to be associated with above-average precipitation over 
northern Europe in winter and vice versa. 
• Scandinavia pattern—the pattern was originally named ‘Eurasian Type-1’ by Barnston 
and Livezey (1987) but it has subsequently been renamed as the ‘Scandinavia pattern’. 
The positive phase is associated with below-average temperatures across western Europe 
and with above- and below-average precipitation across central Europe and Scandinavia, 
respectively. It has been linked to wet UK Autumns (Blackburn and Hoskins, 2001). 
 
Analyses and Results 
A univariate spectral analysis of the detrended climate indices and the Dalton Holme 
groundwater record identified the main cyclic components (wi) and describes the temporal 
dynamics in each individual record. Table I shows that all three data sets exhibit long 
periodicity (greater than 12 month) cycles, from years up to decades. 
 
A bivariate time series spectral analysis of the groundwater record and the climate indices 
estimated the correlation between their corresponding cyclic Table I. Periods (in months) of 
the five most important long periodicity (greater than 12 months) cycles in the Dalton 
Holme long-term groundwater record and selected climate indices identified by univariate 
spectral analysis components. This method was used as it is independent of time lags between 
climate oscillations and the groundwater level response. Peaks in the bivariate spectral 
density plot (Figure 3) indicate covariance between cyclical components. The importance 
of peaks in the density plot is indicated by the squared coherences shown in Figure 3. The 
squared coherency is a frequency-domain equivalent of correlation between the 
corresponding cyclical components of two time series, and varies between 0 (no linear 
relationship) and 1 (perfect linear relationship). 
 
Figure 3 shows that groundwater levels in a chalk aquifer (a major aquifer in northwestern 
Europe) exhibit strong annual to multi-decadal negative relationships with oscillations in 
NAO at periodicities of 39, 32 and 227 months. In addition, preliminary evidence suggests a 
positive covariance between groundwater levels and the Scandinavia pattern at a periodicity 
of 32·2 months. From this, it is inferred that there may be interference between effects of the 
two climate indices on groundwater cyclicity. 
 
To our knowledge, this is the first evidence of such periodic relationships with large-scale 
climate systems to have been identified in a northern European groundwater level record. 
Further work is required to interrogate such responses in temperate groundwater systems in a 
systematic manner, such that implications for future groundwater dynamics and resource 
availability may be recognized. We hope to assess both in due course. 
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Table 1. Periods (in months) of the five most important long periodicity (greater than 12 
months) cycles in the Dalton Holme long-term groundwater record and selected climate 
indices identified by univariate spectral analysis 
 
NAO Scandinavian pattern Dalton Holme groundwater 
levels 
32.3 19.4 12.1 
14.1 32.3 226.0 
12.3 339.0 75.3 
67.8 15.8 32.3 





Figure 1. Oscillations in monthly (from top to bottom) Dalton Holme groundwater levels 














Figure 3. Bivariate spectral analysis of detrended groundwater levels at Dalton Holme with 
(left) the NAO and (right) Scandinavian pattern. Selected covariance peaks in the cospectral 
density, between the cyclical components of the groundwater levels and the climate indices, 







Fig. 1. Maps of the Thames Basin showing, (a) physiography, rivers and the 44 catchments 
used in the study for calibration and (b) the distribution of the 19 lithological classes used as 




Fig. 2. A schematic illustration of the regression methodology showing the iterative 
development of the models. Models 1a and 1b were developed based on lithostratigraphic 
classification of geological mapping, and Model 2 was based on a hydrogeological 
interpretation of the lithological classification. 
 
 
Fig. 3. Map of the Thames Basin showing the distribution of the four main hydrogeological 
classes used in regression Model 2. 
 
 Fig. 4. Plots of modelled BFI against observed BFI and model residuals for the 44 calibration 
catchments for Models 1a, 1b, and 2. Confidence bounds on BFI values for Model 3 are 
based on the 5% tile and 95% tile values for a Monte Carlo simulation using bootstrap 
statistics for the model. 
 Fig. 5. Comparison between observed and modelled BFI for the 44 calibration catchments for 
this study and for BFIHOST. The 90% confidence bounds to linear regressions through the 




Fig. 6. Relationship between regression coefficients for Model 1a and estimates of the 
hydraulic conductivity for each lithostratigraphic class in the model. The dashed lines bracket 
the inferred range of representative hydraulic conductivity for the Basin as a whole. 
 
  
Fig. 7. Modelled against observed values of BFI for 110 ‘variably impacted’ catchments in 




Fig. 8. Observed BFI as a function of percentage urban area for the outliers identified in Fig. 
7. 
